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In recent decades, whole genome sequencing (WGS) technology has provided researchers with vast amounts of human sequence
data, enabling them to advance their understanding of diseases and push for the development of potential new treatments. However,
in clinical practice, where only a limited number of disease-related genes, rather than the patient’s whole genome, require
sequencing, WGS has not been frequently used due to its high cost, long processing time, and limited ability to process multiple
samples at a time. Furthermore, most of the existing DNA enrichment methods are based on PCR amplification techniques,
which primarily work with short DNA sequences and experience complications when working with sequences longer than a few
kilobases (kb). To address this setback, researchers have been working to develop non-PCR-based methods that will allow for the
enrichment of target sequences from patients’ DNA samples regardless of length. With this goal in mind, we have developed a
target gene enrichment method that utilizes the newly discovered CRISPR/Cas12a system and its unique property of producing
5’-overhang ends after cleavage at sequence-specific sites. When the 5’-overhang ends are extended through the incorporation of
α-phosphorothioate deoxyribonucleotide analogues (dNTPαS), the modified DNA becomes resistant to exonuclease degradation,
whereas the rest of the DNA remains susceptible. Subsequent exonuclease treatment then produces a strong enrichment effect of the
target genes by removing non-target DNA without the need for PCR amplification. Using this method, we demonstrated the ability
to enrich the human ABL1 gene, which is approximately 175 kb in length, indicating that this type of enrichment is not limited by
the length of the target DNA sequence. We believe that this novel enrichment method, when used in conjunction with modern se-
quencing technologies, may become a useful tool in clinical settings by enabling physicians to promptly diagnose and treat diseases.
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Introduction

In recent decades, advancements made in DNA sequencing
technologies have significantly improved scientists’ ability to
efficiently sequence human genomes, providing them with an
abundant amount of sequence data to gain a deeper understand-
ing of how many diseases form and develop1. One type of
modern sequencing technology known as whole genome se-
quencing (WGS) has been used extensively in research settings,
however; it is less commonly used in clinical settings due to its
high cost, long processing time, and limited ability to process
multiple samples at a time. In clinical settings, typically far less
than 1% of a patient’s genome needs to be sequenced for disease
diagnosis or treatment purposes, therefore it is more time and
cost effective to only sequence the genes related to the specified
disease rather than the whole genome1,2. In recent years, as
a response to this issue, several methods have been developed
to enable the enrichment of selected regions from the human
genome before subjecting them to DNA sequencing.

However, most of these existing target enrichment methods

are based on PCR amplification and hybridization capturing
techniques3–5, which have significant limitations when used to
enrich long, continuous DNA sequences. PCR-based methods
can effectively amplify DNA fragments that are a few hundred
base-pairs long, however; most target DNA sequences of clinical
interest range from a few kilobase pairs (kb) to as long as over
100 kb. Applying these PCR-based methods would thus be too
costly and complex, since hundreds or even thousands of small,
overlapping fragments would need to be independently ampli-
fied to cover the whole target region. Furthermore, following
amplification, many of the enrichment methods require the si-
multaneous capture of the fragments onto a sequencing platform
coated with small capturing probes individually designed for
each fragment. The large number of PCR-amplified fragments
makes it challenging to complete the process in an efficient man-
ner, thus furthering the complexity of these enrichment methods
and making them not suitable for broad applications in clinical
settings.

The key to overcoming the limitations of the current en-
richment methods is finding a way to isolate and enrich tar-

© The National High School Journal of Science 2024 NHSJS 2024 | 1



get genes in large segments, preferably in one whole piece,
without the need for PCR amplification. A successful enrich-
ment method should have the ability to cleave and release target
DNA sequences from the human genome as well as get rid of
any unwanted DNA. With this in mind, we have developed a
novel DNA enrichment method utilizing the newly discovered
CRISPR/Cas12a system (Cpf1) and its unique property of pro-
ducing 5’-overhang ends after cleavage at selected sites6. Unlike
CRISPR/Cas9 system that introduces a blunt DNA break at the
cleavage site thus making the cleaved DNA no longer capable
of accepting additional nucleotide incorporations at the termi-
nus, Cas12a enzyme introduces a staggered double-stranded
DNA break with a 4 or 5-nucleotide 5’ overhang which is ac-
cessible for nucleotide additions through DNA polymerization
reactions6. By filling in the 5’-overhang ends with chemically
modified dNTPαS deoxyribonucleotides through DNA poly-
merization reactions7–9, the target DNA becomes resistant to
exonuclease digestion, whereas the rest of the DNA remains
susceptible. Subsequent exonuclease treatment then produces
a profound enrichment effect of the target DNA by getting rid
of most of the unprotected DNA. We believe that this non-PCR-
based enrichment method, when used together with modern
sequencing technologies such as nanopore sequencing and other
new DNA sequencing platforms, has the potential to be quite
useful in clinical settings where sequencing long, continuous
DNA segments is essential for the timely diagnosis and treat-
ment of diseases.

Methods

Reagents

CRISPR/Cas12a (Cpf1) protein, restriction enzymes, PCR
reagents, and Taq DNA polymerase were provided by Ad-
vancedSeq (Pleasanton, CA). E. coli DNA polymerases and
exonuclease III were purchased from New England Biolabs (Ip-
swich, MA); α-phosphorothioate deoxyribonucleotides were
purchased from TriLink BioTechnologies (San Diego, CA);
Oligonucleotide primers, qPCR probes, and crRNAs were syn-
thesized at Integrated DNA Technologies (IDT) with their se-
quences listed in Table 1 and Table 2; Human genomic DNA
isolated from cultured HEK293 cells was provided by Dr. Ping
Cao of BridGene Inc. (San Jose, CA).

DNA digestion with CRISPR/Cas12a

CRISPR/Cas12a cleavage reactions were carried out following
the manufacturer’s instructions. To cleave pGEM-3Zf plasmid
DNA, CRISPR/Cas12a protein, PGEM-crRNA1 and pGEM-
crRNA2 (final concentration of 30 nM each) were mixed in a to-
tal reaction volume of 30-100 µ l and incubated at room temper-
ature for 15 minutes to assemble the catalytic Cas12a/crRNAs

complexes. PGEM-3Zf plasmid was then added to the reaction
mixture (final concentration of 3 nM), and the reaction was incu-
bated for 30 minutes at 37°C. The final reaction products were
analyzed on a 1% agarose gel. To cleave ABL1 gene, genomic
DNA from HEK293 cells was incubated with Cas12a/ABL-5’-
crRNA and Cas12a/ABL-3’-crRNA complexes for 30 minutes
at 37°C. The reaction mixtures were subjected to additional
treatments as described below.

Incorporation of dNTPαS deoxyribonucleotides into 5’-
overhang DNA ends

After PGEM-3Zf plasmid or HEK293T DNA was cleaved with
Cas12a/crRNAs complexes, a mixture of dNTPαS at final con-
centrations of 25 µM for each substrate and 10 Units of Taq
DNA polymerase were added to the cleavage reaction mixture
without changing buffer considerations. After 30 minutes of
incubation at 72°C, the reaction products were purified with
ZYMO DNA Clean Kit (Zymo Research, Irvine, CA) by fol-
lowing the manufacturer’s instructions. Purified DNA products
were eluted with TE buffer to a final concentration of 20 ng/µl.

Digestion with exonuclease

After the incorporation of dNTPαS substrates, the purified DNA
products were treated with exonuclease III following the manu-
facturer’s instructions. Each reaction was carried out in a total
volume of 20 µl containing ∼0.1 µg of purified DNA and 50
Units of exonuclease III. The reaction mixtures were incubated
for 30-60 minutes at 37°C followed by incubation at 70°C for
an additional 15 minutes to inactivate any remaining exonucle-
ase activity. The final products were then analyzed on a 1%
agarose for plasmid DNA samples or by real-time quantitative
PCR assays for genomic DNA samples.

Real-time quantitative PCR assay (qPCR)

After genomic DNA from cultured HEK293T cells was treated
with CRISPR/Cas12a and ABL1-crRNAs, the reaction mixtures
were incubated with Taq DNA polymerase and dNTPαS nu-
cleotides to protect the 5’-overhang DNA ends, followed by
exonuclease treatment as described above. After exonuclease
treatment, TaqMan real-time qPCR assays were performed fol-
lowing the manufacturer’s instructions. Each qPCR reaction con-
tained 10 µM dNTP substrates, 0.1 µM gene-specific primers
and probe, and 40 ng of template DNA in standard buffer condi-
tions in a total volume of 10 µ l. The PCR amplification reaction
included an initial incubation at 94°C for 5 minutes, followed by
40 amplification cycles, with each cycle incubating at 94°C for
10 seconds and then 60°C for 40 seconds. The probes for detect-
ing the housekeeping gene GAPDH and the human ABL1 gene
are labeled with FAM and Cy5 fluorescence dye, respectively.
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PCR primer and probe Sequence (5’ to 3’)
ABL1 forward primer AGGTACTGGTCCCTTCCTTT
ABL1 reverse primer CTATGCACACGCCACTTAGAA
ABL1 probe (Cy5) ACACGTATCTAOTCTTGGTATGCATCTT
GAPDH forward primer CCTCTTAATGGGGAGGTGGCC
GAPDH reverse primer TAAAAGCAGCCCTGGTGACCAG
GAPDH probe (FAM) CCTCCCCTCCTCATGCCTTCTTGC

Table 1 PCR primers and probes used in this study.

Cas12a crRNA Sequence (5’ to 3’)
pGEM-crRNA1 UAAUUUCUACUCUUGUAGAUCAGUCGGGAAACCUGUCGUGCCAG
pGEM-crRNA2 UAAUUUCUACUCUUGUAGAUGUAUCUGCGCUCUGCUGAAGC
ABL-5’-crRNA UAAUUUCUACUCUUGUAGAUCGGAGAGCAAAGCAGAGAAGC
ABL-3’-crRNA UAAUUUCUACUCUUGUAGAUAAUCCAAAUCUGUCCUCUGUA

Table 2 PCR primers and probes used in this study.

Results

Overview of Our Target Gene Enrichment Method Using
CRISPR/Cas12a And Exonuclease

Figure 1 below shows the overall scheme for our non-PCR
based method of enriching target genes from human DNA. First,
we utilize CRISPR/Cas12a protein and its unique property of
producing 5’-overhang ends at specific cleavage sites to release
the target genes from the rest of the DNA6 (Figure 1, Step 1).
After cleavage, the resulting 5’-overhang ends are extended
through the incorporation of dNTPαS deoxyribonucleotides, a
class of chemically modified deoxyribonucleotides containing a
sulfur group (Figure 1, Step 2). The presence of these dNTPαS
deoxyribonucleotides will act as a “protective handle” on the
target DNA, shielding it from exonuclease degradation while
the rest of the un-modified DNA remains susceptible7–9. When
such DNA samples are subjected to exonuclease treatment, we
expect a profound enrichment effect of the target genes as the
non-target DNA is digested away (Figure 1, Step 3).

Incorporation of dntpαS Deoxyribonucleotides Into the 5’-
Overhang Ends Protects DNA From Exonuclease Digestion

dNTPαS deoxyribonucleotides used to incorporate into the
DNA terminal ends contain a sulfur group instead of an oxy-
gen group at the α-phosphorus position (Figure 2A). They are
known to block cleavage by a restriction enzyme or exonuclease
when incorporated into DNA sequences7–9. We first tested the
effect of incorporating dNTPαS nucleotides using pGEM-3Zf
plasmid, which was cut with EcoRI restriction enzyme to pro-
duce a single linear DNA fragment (3.2 kb) with 5’-overhang
ends (Figure 2B). We then used Taq DNA polymerase to incor-
porate either natural dNTP substrates (Figure 2C, Lanes 1 & 2)

or dNTPαS substrates (Figure 2C, Lanes 3 & 4) into the termi-
nal positions of the DNA fragment, which was then subjected
to exonuclease treatment. As shown in Figure 2C, the plasmid
DNA fragment filled in with dNTPαS substrates (Lane 4) was
resistant to exonuclease digestion, whereas the one filled in with
natural dNTP substrates (Lane 2) remained susceptible, con-
firming that dNTPαS can act as a “protective handle” to block
exonuclease degradation when incorporated into 5’-overhang
ends.

Using CRISPR/Cas12a and crRNAs, rather than EcoRI
restriction enzyme, to specifically cleave plasmid DNA

After verifying the protection effect of dNTPαS incorporation
into 5’-overhang ends, we first wanted to confirm the cleav-
age ability of CRISPR/Cas12a and specifically designed cr-
RNAs on a small plasmid DNA template, as cleaved fragments
can easily be visualized on an agarose gel. Unlike restriction
enzymes, which only cleave DNA at specific sequences, the
CRISPR/Cas12a cutting system can be programmed to cleave at
different sequences by designing crRNAs to guide Cas12a pro-
tein to these pre-selected sites. In our experiment, we designed
two crRNAs, pGEM-crRNA1 and pGEM-crRNA2 (sequences
in Materials and Methods), to guide Cas12a protein to cleave
pGEM-3Zf plasmid at two sites that are approximately 700 bp
away from each other. If cleavage is successful, the plasmid
should be cleaved into two fragments: one that is 0.7 kb long
and the other that is 2.5 kb long (Figure 3A). As shown in Fig-
ure 3B, by comparing the pattern of the cut plasmid (Figure 3B,
Lane 2) to that of the uncut plasmid (Figure 3B, Lane 1), it is
evident that the plasmid was successfully cut into these specific
fragments, indicating that, if correctly designed, crRNAs can
guide Cas12a cleavage at selected sequences.
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Fig. 1 Schematic illustration of the proposed target gene enrichment method. (1) Human DNA is cleaved with CRISPR/Cas12a protein and
crRNAs, releasing target genes (red color) with 5’-overhang ends. (2) The 5’-overhang ends are filled in with dNTPαS deoxyribonucleotides
through DNA polymerization reactions, making the target DNA resistant to exonuclease digestion. (3) Exonuclease treatment removes
unprotected DNA while leaving the target segments intact, resulting in the enrichment of the target DNA in preparation for DNA sequencing.

Fig. 2 dNTPαS nucleotides protect plasmid DNA from exonuclease digestion when incorporated into 5’-overhang ends. (A) Structure
example of dNTPαS. (B) 5’-overhang ends, produced by EcoRI digestion, are filled in to form blunt ends. (C) pGEM-3Zf plasmid was cut using
EcoRI to produce a 3.2 kb linear DNA fragment with 5’-overhang ends. The ends were then filled in with either natural dNTP substrates (Lanes
1 & 2) or dNTPαS substrates (Lanes 3 & 4) using Taq DNA polymerase for 30 minutes at 72°C. The DNA samples were either untreated (Lanes
1 & 3) or treated with exonuclease III (Lanes 2 & 4) for 30 minutes at 37°C and then analyzed on a 1% agarose gel.

Validation of enrichment effect through exonuclease diges-
tion on Cas12a-cleaved pGEM-3Zf plasmid.

With the confirmation that dNTPαS nucleotides can serve as
a “protective handle” against exonuclease digestion and the
establishment of a plasmid-based Cas12a cleavage assay, we
then proceeded with our proposed enrichment method by testing
the enrichment ability of exonuclease digestion after Cas12a
cleavage reaction. In this experiment, pGEM-3Zf plasmid was
cleaved with Cas12a/pGEM-crRNA complexes to produce two
fragments of 0.7 kb and 2.5 kb (Figure 4B, Lane 1), which served
as target DNA for enrichment. dNTPαS nucleotides were then
incorporated into the 5’-overhang ends of the fragments using
Taq DNA polymerase, followed by treatment with exonuclease

III and analysis on an agarose gel. To demonstrate the specificity
of exonuclease III digestion, purified DNA from Phage λ (0.5
µg per reaction) was added to the reaction mixture before ex-
onuclease treatment to serve as a control. As shown in figure 4B,
the incorporation of dNTPαS deoxyribonucleotides into the 5’-
overhang ends protected the DNA fragments from exonuclease
degradation, whereas the unprotected Phage λ DNA was com-
pletely removed (Lane 3 vs. Lane 2). This result confirms that
our enrichment strategy works effectively with plasmid DNA.
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Fig. 3 CRISPR/Cas12a cleavage assay using pGEM-3Zf plasmid as a template. (A) Two crRNAs, pGEM-crRNA1 and pGEM-crRNA2
(sequences in Materials and Methods), were designed to guide Cas12a to cleave pGEM-3Zf plasmid at two different sites approximately 700 bp
apart from each other. (B) Incubation of pGEM-3Zf with Cas12a, pGEM-crRNA1, and pGEMcrRNA2 produced two DNA fragments that were
0.7 kb and 2.5 kb in length, respectively. Lane 1 depicts the uncut plasmid.

Fig. 4 Target DNA enrichment strategy using pGEM-3Zf plasmid as a template. (A) Diagram of enrichment procedure. (B) pGEM-3Zf
plasmid was cut with Cas12a/pGEM-crRNA complexes to produce two fragments of 0.7 kb and 2.5 kb (Lane 1). The 5’-overhang ends were
filled in with dNTPαS nucleotides using Taq DNA polymerase for 30 minutes at 72°C. To confirm that exonuclease can degrade unprotected
DNA, purified Phage λ DNA was added to the reaction mixture, and the fragments were then either treated with exonuclease III (Lane 3) or left
untreated (Lane 2).

Enrichment of ABL proto-oncogene 1 (ABL1) from human
genomic DNA

To demonstrate that our Cas12a and exonuclease-based enrich-
ment method works on DNA sequences from the actual human
genome, we tested it on the human ABL1 gene, which is ap-
proximately 175 kb in length and consists of numerous introns
and exons (Figure 5). ABL1 gene is a proto-oncogene that
encodes a protein tyrosine kinase involved in various cellular

processes including cell division, adhesion, differentiation, and
response to stress10. It has also been found fused to several
translocation partner genes, particularly the breakpoint cluster
region gene (BCR). The resulting BCR-ABL fusion proteins
are correlated with many forms of leukemia, including chronic
myeloid leukemia (CML), therefore ABL1 gene serves as an
important biomarker for these diseases.

In this experiment, we used two specifically designed cr-
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Fig. 5 Structural diagram of the human ABL proto-oncogene 1 (ABL1). ABL-5’-crRNA and ABL-3’-crRNA are specifically designed to
cleave at the 5’ and 3’ ends, respectively, of ABL1 gene (sequences in Materials and Methods), separating the gene from the rest of the human
genome.

RNAs, ABL-5’-crRNA and ABL-3’-crRNA, to cut and release
ABL1 gene from human genomic DNA isolated from cultured
HEK293T cells. Following the cleavage reaction, the DNA
mixtures were treated with Taq DNA polymerase to incorpo-
rate dNTPαS nucleotides into the 5’-overhang ends of the target
gene, and the products were then treated with exonuclease III for
60 minutes at 37°C. Quantitative PCR assays that detect ABL1
gene along with an endogenous housekeeping gene, GAPDH
or glceraldehyde 3-phosphate dehydrogenase, were performed
with the treated DNA before and after exonuclease digestion.
As shown in Figure 6, the level of florescence signals with in-
creased amplification cycles was analyzed to detect ABL1 (pur-
ple) and GAPDH (blue) genes with and without exonuclease
treatment. Whereas the ABL1 fluorescence signal continued to
rise as the number of amplification cycles increased both before
and after exonuclease treatment, the GAPDH signal was drasti-
cally reduced after exonuclease treatment, indicating a selective
enrichment of ABL1 gene over the non-target GAPDH gene.
This result demonstrates that our enrichment method utilizing
CRISPR/Cas12a and exonuclease degradation can effectively
enrich target genes from the human genome regardless of length
and without the need for PCR amplification.

Discussion

Many diseases, including several types of cancers, are associ-
ated with mutant variants in certain genes of the human genome.
Therefore, to efficiently diagnose and treat these diseases, it is es-
sential to have the tools available for identifying such mutations
in patients’ genomes early on. A type of modern sequencing
technology known as WGS has become a valuable tool for sci-
entists in sequencing the entire human genomes especially in
research settings1,2. In contrast, WGS has not been used exten-
sively in clinical settings due to its high cost, long processing
time, and limited throughput capabilities. With the large size of
the human genome, WGS is mainly useful for identifying ge-
netic variants that occur in relatively high frequencies, however;
due to the limited number of reads it can obtain on individual
DNA regions, it experiences complications when trying to iden-

tify variants that are rare or only present in a small number
of cells in the human body. In situations like this, sequencing
technologies that focus specifically on disease-related genes in
a patient’s genome, rather than the entire genome, are helpful in
identifying rare mutant variants that may contribute to the devel-
opment of diseases, therefore allowing for the early diagnosis
of these diseases to maximize the chance of treatment success.

In clinical settings, direct sequencing of selected genes from
the human genome often requires access to reliable, low-cost
enrichment tools to enrich target genes before subjecting them
to DNA sequencing. Currently, many enrichment technologies
rely on the PCR amplification of many short overlapping DNA
fragments, typically a few hundred base pairs each, to cover
a single target gene1,3–5,11. These methods, however, face sig-
nificant limitations when used to enrich long and continuous
DNA sequences and lack the ability to maintain certain native
features that exist in a patient’s DNA, such as epigenetic modifi-
cations, which may play an important role in the development
and progression of diseases. In response to these shortcomings,
we have developed a new target gene enrichment technique
that utilizes the newly discovered CRISPR/Cas12a system and
its unique property of introducing 5’-overhang ends at cleav-
age sites6. By filling in these 5’-overhang ends with dNTPαS
deoxyribonucleotides, we demonstrated that we can make the
target DNA resistant to exonuclease degradation and therefore
produce a strong enrichment effect of the target DNA once it
is subjected to exonuclease treatment. Additionally, using this
method, we successfully enriched the human ABL1 gene, a
proto-oncogene approximately 175 kb long that encodes a pro-
tein tyrosine kinase involved in various cellular functions. Our
target enrichment method involves a minimal number of steps,
does not require extensive optimizations, and, most importantly,
does not require PCR amplification, therefore it can be used to
enrich both short and long DNA sequences as well as have the
potential to enrich multiple genes simultaneously from a single
reaction. We believe that this new enrichment tool, when used
along with modern DNA sequencing technologies including
nanopore sequencing and other new sequencing platforms, will
prove to be useful in clinical settings to support the diagnosis,
monitoring, and treatment of diseases.
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Fig. 6 Detections of ABL1 and GADPH from human genomic DNA before and after exonuclease treatment. Human genomic DNA from
cultured HEK293T cells was cleaved with Cas12a/ABL-crRNA complexes, and the resulting products were incubated with Taq DNA
polymerase and dNTPαS for 30 minutes at 72°C before subjecting them to exonuclease III treatment for 60 minutes at 37°C. TaqMan real-time
qPCR assays were performed to detect ABL1 (purple) and GAPDH (blue) genes before and after exonuclease treatment by using specific PCR
primers and probes (Cy5-labeled probe for ABL1; FAM-labeled probe for GAPDH).

As a critical component of the target enrichment method,
CRISPR/12a requires the presence of a T-rich protospacer adja-
cent motif (PAM) to activate its DNA cleavage activity. A recent
publication by Cao et al showed that the PAM dependence
of Cas12a can be eliminated through the use of asymmetric
RPA (Asy-RPA) that converts double-stranded DNA to single-
stranded DNA which in turn activates the trans-cleavage activity
of Cas12a12. It is plausible that, if the PAM-independent feature
of Cas12a is incorporated in the target enrichment method, it
may further broaden the scope of genes for enrichment to es-
sentially all human sequences regardless of whether or not a
specific PAM motif for Cas12a is present.

Due to time and resource limitations for this student research
project, we were not able to thoroughly optimize the sample
preparation and enrichment conditions, to explore PAM-free
cleavage of Cas12a through the use of Asy-RPA12, or to expand
testing to include additional human genes besides ABL1. In
the future, we plan to further optimize reaction conditions of
the target enrichment method and to improve its robustness
and throughput capability so that multiple genes from multiple
human DNA samples can be processed and analyzed in parallel.
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